The divalent oxidation state is increasingly stable relative to the trivalent state for the later actinide elements, with californium the first actinide to exhibit divalent chemistry under moderate conditions. Although there is evidence for divalent Cf in solution and solid compounds, there are no reports of discrete complexes in which Cf II is coordinated by anionic 
ligands.
Described here is the divalent Cf methanesulfinate coordination complex, Cf II (CH 3 SO 2 ) 3 -, prepared in the gas phase by reductive elimination of CH 3 (-3.7 
V). Association of

Introduction
The oxidation state chemistry of the 5f actinide (An) series of elements, thorium through lawrencium, is substantially more diverse than that of the homologous 4f lanthanide (Ln) series, cerium through lutetium, and exhibits completely different trends. The states in solution, this being a manifestation of the Pu(VI/V), Pu(V/IV) and Pu(IV/III) reduction potentials, which span the narrow range of 1.01 -1.04 V. 5 This diverse range of oxidation states reflects the greater ease with which the 5f electrons of the early actinides can be involved in chemical bonding, or removed from the atoms in the case of ion formation. The 4f electrons of the lanthanides are generally lower in energy, which restricts access to higher oxidation states. Following Pu, the chemistry of Am, Cm and Bk largely resembles that of the lanthanides, with the An III oxidation state being dominant. Another shift in the series begins at Cf, beyond which the divalent oxidation state becomes increasingly stable. 6 Whereas the Cf III dominates the chemistry of californium, 6 [18] [19] [20] chalcogenates, 21 decaborates, 22 phosphidos, 23 and amides. 24 The stabilization of divalent Sm in oxygen-coordination environments has largely been limited to utilization of aryloxide ligands. [25] [26] [27] The dearth of knowledge of Cf II coordination chemistry leaves a gap in more fully developing and understanding the similarities and differences between the chemistries of the lanthanides and actinides in general, and between Sm II/III and Cf II/III in particular. A key issue is whether the possibility of greater covalency of the quasi-valence 5f electrons may substantially affect the redox chemistry of Cf in coordination complexes in general, and whether it is feasible to prepare Cf II complexes having oxygen-donor coordination, without resorting to the stabilizing effect of a bulk divalent metal ion lattice.
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The utility of thermal decomposition by collision induced dissociation (CID) of gasphase metal complexes to explore fundamental aspects of inorganic and organometallic chemistry is well-established. 28 Among the unimolecular decomposition reactions studied by O'Hair and co-workers was elimination of SO 2 from a copper complex containing a methanesulfinate ligand, CH 3 SO 2 , to yield an organocuprate complex with a Cu-CH 3 bond. 29 Gas-phase lanthanide complexes with this same ligand, which exhibited different chemistry from that of the copper complexes, were recently demonstrated as an effective approach to evaluate the comparative stabilities of divalent lanthanide oxidation states.
30
These gas-phase experiments resulted in the synthesis of both divalent and trivalent lanthanide coordination complexes having oxygen donor ligands. Because gas-phase ions can be mass-selected and detected with high sensitivity, experiments that employ a quadrupole ion trap mass spectrometer (QIT/MS) as a "complete chemical laboratory" 31 can be performed with very small amounts of metals and are particularly well-suited for exploring the chemistry of scarce and highly radioactive synthetic elements such as Cf. Given that among the lanthanides Sm, along with Eu Cf. 34 Additionally, ions in the trap can undergo ion-molecule reactions for a fixed time at ~300K. In high resolution mode, the instrument has a detection range of 50 -2200 m/z and a resolution of ~1700 M/∆M (~0.3 m/z FWHM at 500 m/z). Mass spectra were acquired using the following instrumental parameters: solution flow rate, 1 µL/min; nebulizer gas pressure, 12 psi; capillary voltage and current, 4100 V, 52.5 nA; end plate voltage offset and current, -500 V, 780 nA; dry gas flow rate, 5 L/min; dry gas temperature, 325 o C; capillary exit, -192 V; skimmer, -15.0 V; octopole 1 and 2 DC, -12.5 V and 0 V; octopole RF amplitude, 250 V pp ; lens 1 and 2, 8.0 V and 100 V; trap drive, 70. High-purity nitrogen gas for nebulization and drying in the ion transfer capillary was supplied from the boil-off of a liquid nitrogen Dewar. As has been discussed elsewhere, the background water pressure in the ion trap is estimated as ~10 -6 Torr; reproducibility of hydration rates of UO 2 (OH) + confirms that the background water pressure in the trap varies by less than ±50%. 35 The helium buffer gas pressure in the trap is constant at ~10 -4 Torr. The results reported here were obtained at CID energies of about ~0.4 V.
It should be noted that the CID energy is an instrumental parameter that only provides an indication of relative ion excitation, not actual ion energetics.
Results and Discussion
The two methanesulfinate solutions that were employed for ESI, as described above, contained (1) ~100 μM 249 Cf 3+ /~5 μM 245 Cm 3+ , and (2) 100 μM Sm 3+ . The large excess of NaCH 3 SO 2 required to prepare solution (1) resulted in several abundant sodium-containing cluster ions during ESI; sodium clusters were present but less abundant from solution (2). Representative ESI mass spectra of the two solutions are included as Supporting Information ( Figure S1 ). 35, 36 The nature of the hydrolysis reaction, possibly reaction 4, is unknown and was not observed previously, 30 suggesting that the partial pressure of water was higher in the present experiments and/or the instrumental parameters were sufficiently different to enable a thermodynamically or kinetically unfavorable hydrolysis process. In contrast to the spontaneous oxygen-addition reaction that is described in detail below, the hydrolysis process occurs only under energetic CID conditions. It is suggested that a trivalent complex is responsible for the hydrolysis because it is also observed for M = Cm, which, as discussed below, does not exhibit reduction to Cm II . As is evident in Figure 2, , then the ligand with the higher EA should preferentially bind. The result that O 2 replaces SO 2 indicates stronger binding of the former, indicating that the bonding is more than a simple electrostatic interaction between anionic ligands and cationic metals. The stronger binding of O 2 suggests that a partial covalent character which enhances the binding strength may exist in the superoxide complexes.
Summary and Conclusions
Gas-phase chemistry has been employed to further explore the chemistry of californium. Cf is of particular interest as this is the turning point in the actinide series at which divalent chemistry becomes significant. Although divalent Cf chemistry is established, knowledge of this chemistry is very limited due to the experimental challenges in working with this scarce and highly-radioactive synthetic element. Furthermore, the theoretical and computational chemistry of Cf also presents challenges as a result of the number and configuration of the electrons that need to be treated to obtain accurate results at this transition point in the actinide series. In the present work the first complex in which Cf II is coordinated by oxygen-donor ligands was ; this complex was not available for the present study but is a target for future work. Although extending such studies beyond Cf becomes increasingly challenging, gas-phase chemistry would serve as an excellent means to further explore the increasingly divalent nature of the heaviest actinides (Fig.  1) ions. 1 The horizontal dotted green line indicates the separation between those lanthanides that exhibit divalent chemistry according to reaction 1 from those that retain the trivalent oxidation state. 
